The biocompatibility of photosensitive glasses allows various biomedical applications; one is the field of tissue engineering and more precisely microengineered tissue-on-a-chip platforms to study the tissue microenvironment and disease modelling. Three dimensional architectures of adapted components are required for modern materials. A photosensitive lithiumalumosilicate glass FS21 was investigated regarding the interaction with a Ti:Sapphire laser system to build three dimensional buried channels inside the glass. Femtosecond laser radiation with a wavelength of 800 nm and pulse duration of 140 fs was used to modify the glass structure. Subsurface channel geometries were achieved by a subsequent thermal treatment and were formed into capillaries using wet chemical etching of the exposed and crystallised channels. Contrary to ultraviolet (UV) exposure, spectral optical investigations showed that fs laser exposure caused various radiation induced defects in the base glass coupled with the generation of photoelectrons for the photochemical modification of silver ions. We observed an outgassing of different species coming from raw materials of the original glass batch during the glass crystallisation process. Etch rate ratios differ between 1:25 and 1:45 and are dependent on: stoichiometric deviation between surface and bulk, crystal size and distribution and exchange of the etching agent in narrow capillaries.
Introduction
Femtosecond (fs) laser irradiation of photosensitive glasses enables the three dimensional (3D) microstructuring of glass for microfluidic, microoptic and micromechanic systems [1] [2] [3] [4] . These glasses are suitable materials i.e. for tissue engineering applications due to their excellent biocompatibility [5, 6] . Figure 1 gives an example for the connection of mouse fibroblasts on the surface of a microstructured photosensitive glass device. The figure shows the etched surface (by diluted HF) of a glass ceramic that formed after the glass experienced UV exposure followed by thermal treatment. No cell damaging effects were found. In the current study, a cell vitality of 93% was found on surfaces from all processing stages. The photoform process, which can be used for the fabrication of such components, involves in the first step the irradiation with UV light or short pulse laser radiation, in a second step the crystallisation of lithium metasilicate in laser exposed areas during a thermal treatment and in the third step the dissolution of these crystalline areas using diluted hydrofluoric acid. The size and the distribution of lithium metasilicate crystals are important for the size of geometrical features that can be achieved. Furthermore the surfaces roughness inside holes (narrow capillaries) will be influenced significantly. It is possible to control geometrical resolution and roughness not only during a well-defined thermal treatment. The photochemical modification of photosensitive glasses is dependent on photon energy and threshold energy densities. That means that the exposure step is also suitable for the design of a process optimised crystalline structure [7, 8] . Compositions of available photosensitive glasses are optimised for a broad band UV lamp exposure. For that case the current state of the knowledge for electron transfer interprets of the photochemical reaction as followed:
This process is well investigated [9, 10] and important for mask-based lithography processes. The advantage of fs laser exposure over the exposure with broad band UV light is the application of well-defined and locally focused energy densities. Therefore, it is possible to improve the geometrical resolution by direct writing with a small, tuned focus and to obtain increased etch rate ratios to fabricate 3D embedded geometries even with movable parts of the components [11] . Although several techniques are described to develop innovative applications, the interaction between fs laser radiation with a photosensitive glass is not yet sufficiently understood. A high number of publications provides specific information about radiation induced defects and changes in the glass structure. In the following, some facts relevant for the current study are briefly summarized. The discussion of laser assisted interaction processes dealt with photochemical, photothermal effects and a combination of both. The influence of cw NIR laser irradiation on the thermal induced crystallization of lithium disilicate in base glasses with variable CuO contents is discussed in [12] . Critical crystal growth rates have been determined, they correspond with thermal treatments in an electrical furnace. That means cw NIR laser absorption leads to increased temperatures in exposed areas usable for crystallization processes and secondly low temperatures at high scan velocities lead to structural changes regarding the change of the optical index. Structural changes in the form defect centres with increased discrete optical absorptions are dependent from the chemical composition of the glass and stoichiometric discrepancies. An overview on intrinsic defects (Frenkel defects) at bridging and non-bridging oxygen atoms in silicate glass is given in [13] . The E´center and peroxy radical are discussed as the best known radiation induced defect centres in consideration of variable contents of OH groups, alkali contents and impurities. Bellec et al. [14] discussed the fs laser induced clustering coupled with a thermal diffusion to the border of the focus and dissolution processes in the focus centre. In addition to reactions (1) and (2) intensive radiation can induce further reactions inside the glass structure by breaking bonds in the base glass composition [15] . In these cases, the photoionisation of Ce 3+ should only be considered as a minor process in the generation of photoelectrons.
Furthermore it has been reported that high aspect ratios up to 1:50 of etched microstructures can be achieved if the local concentration of photoelectrons can be increased to generate a large number of silver nuclei for a high content of crystalline lithium metasilicate [16] [17] [18] . We investigated the interaction of a photosensitive glass with fs laser radiation for the utilisation in tissue engineering applications, like microengineered tissue-on-a-chip platforms for 3D cell cultivation or fluidic chambers with interconnecting channels. Therefore it is necessary to study the following process steps: irradiation treatment of the glass, thermal treatment for glass crystallization by growing lithium metasilicate in exposed areas and wet chemical etching of crystallised parts using diluted hydrofluoric acid dependent on parameter variations in the exposure process. Glass semiproducts in form of flat plates with 100 mm in diameter were fabricated as a result of an industrial melting process based on oxides, carbonates and nitrates as raw materials. A press forming tool was used, followed by a defined annealing and a final grinding and polishing procedure to a variety of thicknesses between 0.3 mm and 2 mm [9] . These glass plates possess a surface roughness of Ra < 9 nm. Plane parallelism is given within a tolerance band of 0.003 mm at 100 mm. All samples used in this work have a thickness of 0.5 mm and were cut into pieces of 10 × 15 mm 2 .
Material and experimental procedures
Femtosecond laser exposure experiments were carried out using a Ti:Sapphire laser system "Vision2" (Coherent). For all experiments a constant wavelength of λ = 800 nm with a pulse duration of τ = 140 fs and a repetition rate of 80 MHz was used without additional amplification. The beam with focus diameter of 4 µm is nearly Gaussian and was focused by an oil immersion objective with high numerical aperture of NA = 1.4. In order to manufacture 3D structures, the samples were placed on a motorized air bearing three-axis translation stage below the objective. The beam was electrically switched by an acousto-optic modulator to determine the number of photons involved in the photoform process of FS21. Therefore a series of spots was set with 1 ≤ N ≤ 2000 pulses at pulse energies of 0.2nJ ≤ E ≤ 3nJ. Laser exposure experiments were carried out to follow two main strategies. At first, we determined a field of relevant process parameters to investigate the radiation interaction with the photosensitive glass. Based on these results we realised first subsurface 3D fluidic channel geometries using fs laser exposure. In both cases it was necessary to write suitable geometries directly in the volume of the photosensitive glass, consisting of defined arranged pulse series. Single spot exposure experiments were used for the determination of the critical dose to modify the glass structure for the silver cluster growth, followed by lithium metasilicate crystallisation. Lines of pulse sequences were generated by variation of the scan speed in the range of 5 mm/s ≤ v ≤ 35 mm/s in x, y, z direction. The connection of lines to more complex geometries (channels, chambers or planes) required a variation of the distances between two neighbouring lines in the range 4 µm ≤ y, z ≤ 7.5 µm. Therefore a stereo lithography (stl) model was designed to drive the laser system.
For comparison, UV light exposure experiments were performed using a mask aligner MA56 (Süss) with a broad band high-pressure mercury lamp and an adapted optical imaging system specified for a radiation with a constant energy density of ϵ = 60 J/cm 2 . In the photoform process this value results in an etch rate ratio of 1:25.
Thermal treatment of the exposed samples occurred on horizontally placed ceramic plates in a mu e furnace. A one step program at T = 570 ∘ C for t = 1 h was used due to a sufficient overlap of the temperature ranges for heterogeneous nucleation and crystal growth [9] . All samples were placed inside a mu e furnace and later removed from the furnace while at the maximum temperature.
Wet chemical etching experiments were carried out at room temperature using hydrofluoric acid with a concentration of 5% and under ultrasonic support.
Fs laser radiated samples as well as UV light exposed samples were investigated by UV-VIS spectroscopy before thermal treatment. A spectral photometer Jasco V-570 with an integrating sphere ISN-470 was used. The photometer is specified in the wavelength range 190 nm ≤ λ ≤ 2500 nm and the integrating sphere in the range 220 nm ≤ λ ≤ 2000 nm. The glass samples (backside covered with a BaSO 4 coated plate) were mounted as a part of the integrating sphere. Light source and detector (shaded, positioned to one another with an angle of 45 ∘ ) are situated on the same side opposite to the sample. In this arrangement the sample changes the reflection degree of the integrating sphere and the detected intensity depends on the sample thickness. Absorption spectra in form of optical density o.D = −log(I/I 0 ) were measured in a wavelength range 200 nm ≤ λ ≤ 500 nm for the investigation of near surface radiated glass and the analysis of effects in the range of the absorption edge of the photosensitive glass. We point out that the measured values for λ < 220 nm are not explicitly specified for the used model of integrating sphere. This fact has no relevance for discussion in this wavelength range. Figure 2 shows the optical density (o.D.) in the untreated state of the glass before any exposure. The wavelength range of 250nm ≤ λ ≤ 350nm represents the transition from high absorption to high transmission at the absorption edge. The global maximum at λ = 264 nm corresponds with the cut-off wavelength, determined using transmission measurement in a two beam spectrophotometer. The absorption edge of the silicate glass overlaps with the absorption band of Ce 3+ at λ = 310 nm [9] . For regions of high absorptions at λ < 250 nm, the reflection itself can be used to determine absorption bands because the imaginary component of the index of refraction becomes an appreciable fraction of unity. The conclusion is that the reflectance is high in case of large absorp- tion [19] . However, the reflection signal is additionally coupled to the interaction of the interfaces and refractive index transitions. A comparison with the literature leads to the assumption that ion related absorption energies with an absorption band at λ = 220 nm correspond with a superposition of discrete absorptions of Ag + , Sb 3+ ,Sn 2+ ions [20] as well as peroxide groups (POR) [21, 22] . [23] states that Ce 3+ ions causes absorption at λ = 220 nm in a fluorid phosphate glass.
The documentation of the distribution of crystallised areas after the thermal treatment and the etch depth in capillaries after the etching procedure is based on optical microscopy analysis using a Axiotech (Zeiss) and a SEM Hitachi S-4800. The content of gas bubbles was analysed by means of mass spectroscopy (Gas Inclusion Analyzer 522, InProcess Instruments).
Results

Determination of the critical dose and the number of photons involved in the fs laser exposure process
Similar to numerous investigations of the photoform process regarding the commercial photosensitive glass Foturan [16, [24] [25] [26] , an established spectrum of methods was applied to evaluate the photoreaction mechanism of the fs laser exposure using the wavelength of 800 nm. A series of irradiated spots with different numbers of pulses was investigated. Figure 3 shows the SEM image of the spot evolution after thermal treatment and wet chemical etching. Figure 4 represents the typical log-log plot of the fluence threshold dependent on the number of pulses. Data published in [24] indicate a direct relation between the irradiation dose D and the density of crystallite nuclei formed owing to a multiphoton absorption process. This dose parameter was defined as
where F is the fluence, N is the number of pulses and m is the number of photons involved in the absorption process [24] . It is assumed that there is a proportionality between the density of crystallite nuclei and the amount of reduced Ag 0 , which is likewise proportional to the probability of photon absorption whereas the probability of photon absorption depends on F m . If the probability is multiplied by the accumulation, in this case the number of photons, the result represents the dose. Successful wet chemical etching occurs only if a critical density of crystallite nuclei is reached. This critical density is associated with the critical dose Dc that has to be exceeded to initiate laser induced phase transformation. By establishing Dc the fluence F is transferred to a so-called threshold fluence F th :
As expected from equation (4) the log-log plot ( Figure 4 ) shows a linear proportionality between the fluence threshold F th and the number of pulses N. The number of involved photons m that define the critical dose Dc, is given by the gradient of the regression line. This definition of dose is unusual and has a unit that depends on m. It takes into account relaxations during nucleation and crystal growth processes and wet chemical etching. Moreover, it quantifies the complex short pulse laser induced absorption process that leads to a photochemical modification with a subsequent lithium metasilicate crystallisation. The results are specified as m = 4 and Dc ≈ 7.6·10 −6 (J/cm 2 ) 4 . According to [24] this means that in an average FS21 experiment at 800 nm a four photon process is needed for the reduction of one silver ion. Collectively a dose of about 7.6·10 −6 (J/cm 2 ) 4 has to be exceeded. The value of m = 4 is twice as large as the m = 2 measured in the case of the pulsed UV laser investigation on Foturan [24] but lower than reported in studies with comparable wavelengths where m = 6 [17, 27] . Also, the critical dose is lower than in comparable experiments. Thus, FS21 seems to need less energy input for the initiation of the necessary photochemical reactions than Foturan under comparable circumstances.
Recently published studies based on Foturan have shown that the photoform procedure of photosensitive glass involves a multiphoton process depending on wave- length and pulse durations [16, 24, 25] . It was found that for a nanosecond laser at 355 nm two photons are involved in the process [24, 26] and in case of a femtosecond infrared laser working at 1027 nm up to 8 photons are involved [16, 25, 26] . In wavelength regions similar to the irradiation in this study, 6 photons were found. An overview of those parameters is displayed in Table 1 : Due to the optimisation of the laser scanning process for the generation of different geometries with a high accuracy of size, experiments with a significantly increased radiation dose by a factor of 4·10 3 × Dc were employed.
UV-VIS spectroscopy after exposure process
According to the Kubelka-Munk theory, which describes light absorption and scattering properties of layers [28] , we used reflection measurements to calculate the relative change in absorption of exposed glasses in a thin surface layer in comparison to an unexposed glass. The Kubelka-Munk function is valid (i) if the absorption of the investigated species is well separated from the absorption of other species and (ii) the species exist in a high dilution.
Both conditions are partially fulfilled in case of the radiation induced ionisation of dopants and additional defect centers inside an exposed photosensitive glass. Such defects are described as electron center (EC) and hole center (HC) [13] . As described earlier, defects are distinguished according to their origin. Intrinsic defects form in glass matrix itself, often as radicals on the network former, while extrinsic defects are caused by dopants or impurities (often as photoionization of polyvalent ions) [29] . Table 2 gives an overview on absorption wavelengths of ion species which are important for a discussion of radiation induced effects in photosensitive glasses. This overview documents the importance of the chemical composition of glasses for the determination of precise values, due to the fact that the ion environment influences the absorption energy. Furthermore there are several overlaps of absorption bands, i.e. for dopants like Sn 2+ , Sb 3+ , Ag + . This makes a discussion of radiation induced effects related to these ions rather difficult. Figure 5 shows a direct comparison of radiation induced absorption of a FS21 sample exposed with fs laser exposed and with a mask aligner. It has to be noticed that the used energy density for the mask aligner exposure is with ϵ = 60 J/cm 2 higher than those of the fs laser exposure with ϵ = 0.03 J/cm 2 per pulse (number of pulses N e = 230). Both curve progressions show three characteristic peaks with differences in peak positions and peak sizes. The overlap of induced absorption bands coupled with a band shift of the absorption edge makes an allocation of peaks in the wavelength range of 200 nm < λ < 320 nm rather difficult. Peaks in this wavelength range result from the calculation ∆o.D./o.D. = (o.D. exposed -o.D. unexposed )/o.D. unexposed as a consequence of changes in the inflection points of the original measurements and cannot be allocated to discrete species.
With regard to Table 2 it seems to be possible that any irradiation of photosensitive glass leads to increased absorptions in the range < 320 nm caused by positive charged hole centers (HC), like oxygen hole centers (OHC), non bridging oxygen hole centers (NBOHC), or negative charged electron centers (EC) like E´centers or peroxy radicals. Furthermore the ionisation of dopants like Ag and Ce is highly probable. We assume that the increased absorption at λ < 270 nm is an overlap of various radiation induced effects in FS21 resulting from bond breaking inside the base glass structure. It is obvious that intense fs laser radiation possesses a higher potential to affect the silicate structure than less intensive mask aligner exposure.
The increased absorption at λ = 340 nm is independent from possible superimpositions in the short wavelength range because of the sufficiently large distance to the absorption edge. It is very probable that this absorption can be related to Ag + ions that have trapped an electron ((Ag + ) − ) [30] . Differences regarding the peak height between fs laser and mask aligner exposure can be explained by different radiation modified glass volumes. Overall heterogeneous nucleation involves silver clusters for both exposure methods. Different peak widths possibly result from further radiation induced effects with absorption bands near the visible wavelength range. We have found that the peak broadening is more pronounced for the fs laser exposure than for the mask aligner exposure. However, current research is focused to the investigation of absorption properties of diverse silver species in glass based on spectroscopic methods. Other studies reported on silver ion clusters in form of Ag n+ m as a result of short pulse laser irradiation of glasses [14, 21, 34, 36] . Correspondingly characteristic absorption bands exist in the wavelength range of 280 nm ≤ λ ≤ 380 nm. The peak position strongly depends on the size of the ion cluster and the peak maximum is shifted to smaller wavelengths with increasing silver ion cluster size m. Furthermore it seems to be probable that other effects play an important role as well. Leyderman et al. [37] describe alumina complexes that act as HC after irradiation, especially if either Na, Li or H are part of the complex. Reference [38] states that these alumina related hole centers (Al-HC) cause an optical absorption at λ = 620 nm in soda lime glass. Jani et al. [39] discuss silicon related hole center (Si-HC) in silica and single-crystal quartz after irradiation. Ehrt et al. [40] investigated radiation defects in boron silicate glasses and describe silicon related hole centers (H I and H II ) with optical absorptions at λ = 440 nm and λ = 620 nm. Möncke et al. [36] investigated the influence of radiation on Sb and Sn in a metaphosphate glass. They found an optical absorption at λ = 340 nm related to the photoionisation of Sb 3+ to (Sb 3+ ) + . The radiation induced absorption related to the ionisation of Sn ions remains unclear. We conclude that in case of irradiation of FS21 with a UV lamp the dominant effect is the formation of (Ag + ) − . Additional to that, fs laser irradiation leads to an increased content of different HC, EC and photoionisation of the dopants. This fact can be justified by the increased absorption at the short and the long wavelength range in Figure 5 .
Differences in lithium metasilicate crystallisation between UV mask aligner and fs laser exposure
UV mask aligner exposure of photosensitive glass FS21 leads to the crystallisation of lithium metasilicate. The applied one step thermal treatment program leads to a microstructure of the glass ceramic with single crystal sizes of ∼ 1 µm. Former investigations have shown that the crystal size can be influenced in two ways: (i) by variation of the energy density during UV exposure [41] and (ii) by variation of the time -temperature program during the thermal treatment [42] . Samples modified through the fs laser exposure process in this study show comparable single crystal sizes to those arising from the mask aligner exposure using comparable thermal conditions. According to [43, 44] it is expected that photosensitive glasses have an inhomogeneous structure on an atomic level characterised by fluctuations. Droplet-like phase segregation at the nanoscale dimension seems to be possible but has still not been proven up to now. Dopants tent to preferential concentration in such small areas. It was shown in [42] that silver nanoclusters with a critical nucleus radius exist with an even distribution. But not every environment of the silver clusters has a stoichiometric composition close to lithium metasilicate. As a result, not every silver cluster acts as hetero-geneous nucleus for the lithium metasilicate growth. We assume that UV radiation leads to photochemical modifications mainly of the dopant Ce 3+ which is situated close to Ag + ions. In contrast to that, fs laser exposure changes the base glass without a notable participation of Ce 3+ ions. It should be mentioned, that comparable results are described in [45] . Therefore we believe that the generation of diverse photoelectrons from the base glass matrix leads to a broader variety of silver ion clusters, in accordance with observations from Royon et al. [46] . It was reported that the development of silver ion clusters is coupled with the development of free radicals in the local environment. A strongly modified glassy structure is extremely probable.
We have found furthermore that fs laser exposed and crystallised samples show small bubbles within the microstructure in numerous cases using light microscopy. Big bubbles with sizes up to 50 µm in diameter were observed in unexposed glass near the border to the crystallised areas. In the exposed and crystallised areas, very fine bubbles were distributed. Samples exposed using mask aligner have not shown this behaviour after thermal treatment. Figure 6 gives one example to visualize this phenomenon. Figure 6 : Light microscopy picture of a fs laser irradiated sample after thermal treatment. The left side is unexposed and therefore not crystallised, the right side is fs exposed and shows a brown coloured crystalline phase with small bubbles inside the glass. Bigger bubbles were found in the border range between the unexposed and exposed area.
For more insights the gas composition of one of the large bubbles was analysed by means of mass spectroscopy. The quantitative analysis is shown in Table 3 and was compared to normal air. Due to the fact that no Argon was found inside the investigated bubble, it is obvious that the ambient air is not the origin of the phase. These gaseous components (nitrogen, oxygen, carbon oxides, water and hydrogen) develop during processing and result from the glass composition itself. One reason could be an incomplete fining of the glass melt [48] . Residual contents can be physically dissolved or chemically bound inside the glass. Femtosecond laser irradiation in combination with a subsequent thermal treatment releases its reaction products (i) to a healing of defects in form of the recombination of EC and HC [49, 50] , (ii) to the crystallisation of lithium metasilicate and (iii) to gas filled bubbles. Currently, the extent of the influence of the lithium metasilicate crystallisation on the defect recovery and the gas building process is not exactly clear due to the superimposition of these effects.
Short pulse laser radiation induced gas bubble building inside glasses is discussed by numerous authors as a direct result of the irradiation [51] [52] [53] [54] [55] [56] . It is agreed that laser induced ionisation coupled with plasma induced thermal dissociation are responsible for the bubble building. The necessary chemical bond breaking is attributed to oxygen mono-vacancies (E´center), nonbridging-oxygen hole centers (NBOHC), peroxy radicals (PORs), aluminium-oxygen hole centre (Al-OHC) and other entities in vitreous SiO 2 [52, 55, 57, 58] . Table 2 gives an overview on optical absorption wavelength in different glasses. Furthermore molecular oxygen in fs laser induced gas bubbles was detected Raman spectroscopy in GeO 2 glass [56] . In our case, it seems likely that radiolytic dissociation leads to a high number of different species with unpaired electrons that react with each other, forming gaseous molecules. Diffusion is enhanced under thermal treatment, together with volume change associated with crystallization, results in bubble formation. A local exchange of ions and molecules from unexposed neighbouring areas is probable due to the strong focus of fs laser radiation. Thermal diffusion processes seem to initiate not only the growth of lithium metasilicate crystals, but also to promote further the mobility and reboil of gaseous ingredients [59] .
Etch rate ratios
The etch rate ratio quantifies the difference in solubility between the unexposed glass and the crystalline phase. It seems therefore obvious that this ratio determines significantly the resolution of geometries and has to achieve high values for complex micro geometries in fluidic applications. It is possible to quantify the etch rate ratio by measuring changes in relevant geometric dimensions of etched capillaries in photostructured glass components. The determination of the etch rate ratio was performed by means of the measured capillary geometries inside the glass, see Figure 7 . According to [6] the etch rate ratio R etch is defined as:
were h etch and b etch are the height and width of an etched capillary dependent on the etching time. bcrys represent the width of the crystallised area of the subsurface channel after fs laser exposure and thermal treatment. The term (b etchbcrys)/2 represents the opening of the capillaries and was determined together with the etch depth h etch for etching times between 1 min ≤ t etch ≤ 36 min. Figure 8 shows the calculated etch rate ratios. It was found that the etch rate ratio is not constant over the entire etching time of 36 min. The etch rate ratios show a clear variation with minimal values of 1:25 and maximal values of 1:45 and is influenced by three main points: (i) altered etching conditions at the surface, (ii) etchant exchange inside the capillary during the ultrasonic supported etching process and (iii) the crystal size and the crosslinking of the crystals. At the beginning the etch rate ratio is reduced to only 1:25. Due to variations of the stoichiometric composition near the surface, the degree of crystallization is reduced in contrast to the lower volume areas. The etch rate ratio is increased to 1:45 for etching times between 1 min ≤ t etch ≤ 6 min. After t = 6 min the etch depth amounts to 69 µm. Inside this area, the degree of crystallization, as well as the small capillary depth coupled with a good exchange of the etchant, result in a temporary maximum in the etch rate ratio. For capillary depth of 69 µm ≤ h etch ≤ 350 µm a mean value of 1:30 was found. It should be noted, that this value corresponds well with the etch rate ratio obtained from our photoform process, which was based on a mask aligner exposure. The measured angles α of the side wall α amounts between 1.2 ∘ ≤ α ≤ 2.0 ∘ . Furthermore, the etch rate ratio scattered increasingly for long etching times. This fact corresponds to a strong scattering of the large etch depths at these etching times. Different capillary actions influence the etchant exchange with different degrees.
Conclusion and outlook
We investigated a photosensitive lithiumalumosilicate glass FS21 doped with CeO 2 , Ag 2 O, SnO, Sb 3 O 5 regarding the sensitivity to fs laser radiation in comparison to UV lamp exposure in a mask aligner. FS laser radiation leads to several defects accompanied by the generation of photoelectrons, from photooxidation of polyvalent ions, but mainly from holecenters that were formed in the base glass. Photosensitivity was found to set in above a low critical dose of Dc = 7.6·10 −6 (J/cm 2 ) 4 . It means that in minimum four photons are involved in the complex absorption process which leads to a modification of FS21, followed by nucleation and growth of lithium metasilicate crystals during the subsequent thermal treatment and finally in etched pits after wet chemical etching with 5% hydrofluoric acid. The glass structure has been shown to be decisive for any photo induced defect formation, not only in regard to the base composition but also in respect to the presence of dopants or impurities. Many of the given references gave evidence for that. The access to information about the absorption centres is hardly possible due to a complex glass structure comprising of nine components added either as carbonates, nitrates or oxides as raw materials that lead to a large scale of overlapping effects using UV-VIS spectral photometry. A comparison of chemical compositions between FS21 and Foturan [60] shows the difference regarding the content of glass network modifying components like alkali, intermediates like alumina as well dopants.
We have shown by means of spectrophotometric researches the formation of (Ag + ) − [30] as a result of irradiation with UV light or fs laser radiation. The latter results in a peak broadening around λ = 340 nm. We assume an association with the formation of other silver species like Ag n+ m or intrinsic and extrinsic defects according to Table 2 . The diversity of radiation induced species seems to be somewhat higher for the fs laser exposure than for the mask aligner exposure.
It is remarkable that fs laser irradiated samples show bubble formation after thermal treatment, which was only intended to accompany crystal growth in the photo-exposed areas, but not directly after laser or UV-treatment. The gaseous content comprises most probably residuals from the raw materials which remained during the fining of the glass melt. This effect shows the capacity of the glass to solve small amounts of carbonates, nitrates and water within its structure. Currently the average etch rate ratio for geometrical structures is around 1:30 for depths of > 10 µm, mainly influenced by the exchange of the etchant fluid. Subsurface channels with a width of < 30 µm are accessible. The complexity of subsurface microstructured geometries is limited by the etching solvents transport due to capillary force. It has to be examined in further studies to what extent a nano-porous crystallised phase can influence the corresponding etch rate ratio.
With the perspective of biomedical applications the glass composition plays an important role. The used photosensitive lithiumalumosilicate glass is located in the primary precipitation field of lithium metasilicate. A temperature of T = 600 ∘ C is needed for homogeneous nucleation and growth of lithium metasilicate [42] . Photosensitive additives in form of Ag 2 O, CeO 2 , SnO and Sb 3 O 5 allow heterogeneous nucleation at a lower temperature of T = 450 ∘ C. With these additives the thermal induced crystallisation takes place only in irradiated areas. The microstructure of the glass will be preserved as far as the growth of silver nuclei and of lithium metasilicate will not be suppressed by the crystallisation process in the case of fs laser exposure. All photosensitive dopants in the glass are oxidic. They are inoffensive from the view of biomedical applications. Silver particles of 7 nm size are formed as a result of irradiation and thermal treatment. They are part of the crystallised areas and will be removed together with lithium metasilicate during the wet chemical etching. First tests have shown the good biocompatibility of photosensitive glass surfaces. A proliferation of mouse fibroblasts shows a cell vitality of more than 93%. This result is very promising. However, typical bio glasses try to avoid aluminium in their glass composition. This fact will be investigated by studying bio glass compositions versus microstructured photosensitive glasses in our further research. Furthermore the role of dopants in a fs laser exposure process has to be investigated with the clear objective to optimize the photosensitive glass composition.
